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ABSTRACT

In this study we have investigated the effect of a single dose of tannic
acid, administered s.c., on the nucleolar ultrastructure of hepatocytes
transplanted into a syngeneic or xenogeneic host in order to evaluate the
validity of our hepatocyte transplantation system as an in vivoalternative
to the use of whole animals to test for species and strain differences to
the effects of hepatotoxins. Within 4-6 h following tannic acid injection,
rat hepatocytes transplanted into the anterior chamber of eye and inguinal
fat pads of rat and athymic nude mouse, showed changes of nucleolar
components, with separation of ribonucleoprotein containing granules
into discrete dark zones. These dark areas were surrounded by light areas
consisting of granular and fibrillar components of the nucleolus. These
changes were identical to tannic acid-induced nucleolar alterations in the
homotopic liver. Hamster and rat hepatocytes xenotransplanted into
athymic nude mice also displayed prominent nucleolar alterations in
response to tannic acid. The similarity and extent of nucleolar alterations
observed in transplanted hepatocytes and the in .w'mhomotopic liver cells

attest to the usefulness of the hepatocyte transplantation system for the
evaluation of species differences in biological response to toxic/carcino
genic effects of xenobiotics.

INTRODUCTION

Tannic acid, a naturally occurring hepatotoxin derived from
plants, is known to produce hepatic necrosis in humans and in
grazing animals (1-6). In experimental animals, tannic acid has
been shown to induce acute hepatic injury, which is character
ized by centrizonal necrosis and fatty metamorphosis (5, 7).
Prolonged administration of tannic acid to rats leads to the
development of cirrhosis and liver cancer (7). In view of this
experimental evidence, tannic acid, like other naturally occur
ring hepatotoxins, such as aflatoxin B, (8) and pyrrolizidine
alkaloids (9-11) has been implicated to play a role in human
liver carcinogenesis in certain parts of the world (7). Several
years ago, it was demonstrated that a single large dose of tannic
acid produces reversible changes in rat liver, which include
macrosegregation of the hepatocyte nucleolus and disaggrega-
tion of polyribosomes with concomitant inhibition of hepatic
protein synthesis (12, 13). Nucleolar segregation or nucleolar
"capping" occurs in the liver of rats after the administration of

toxic or necrogenic doses of several other hepatocarcinogens
(14, 15). Whether this phenomenon represents a morphologi
cally specific nucleolar response of rat hepatocytes to hepato
carcinogens or that it reflects the species sensitivity to a partic
ular hepatocarcinogen remains unknown. Recently, it has been
shown that the occurrence of nucleolar alterations induced by
aflatoxin B, in priman' hepatocyte cultures of rat and mouse,

correlate with the relative susceptibility or resistance of these
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species to the aflatoxin B,-induced hepatocarcinogenesis (16).
This attests to the value of a systematic examination of acute
nucleolar alterations in determining species sensitivity to po
tential hepatotoxins and hepatocarcinogens.

In the present study, we have utilized the hepatocyte trans
plantation system to determine: (a) whether nucleolus of he
patocytes transplanted to the extrahepatic locations in a syn
geneic host show similar changes as the liver cells in liver do,
and (b) to explore the possibility as to whether hepatocytes
transplanted into a xenogeneic host can be used to ascertain
species differences in sensitivity to hepatotoxins. We now report
that tannic acid induces the characteristic nucleolar alterations
in hepatocytes transplanted into a syngeneic or xenogeneic host.

MATERIALS AND METHODS

Animals. Male Fischer 344 rats (weight 100-150 g), Syrian golden
hamsters (weight 60-80 g). and athymic nude mice (BALB/c strain.
NU/NU) were obtained from Charles River Breeding Laboratories Inc.
(Wilmington, MA). Rats were used as hepatocyte donors and syngeneic
recipients. Nude mice served as recipients for hepatocytes isolated from
rats and hamsters. Nude mice were housed in an air-conditioned room
with laminar-airflow facilities. Cages, bedding, food, and water were all
sterilized. Rats and hamsters were also housed in an air-conditioned
room with free access to food and water.

Hepatocyte Preparation, Transplantation, and Treatment. Hepato
cytes from rats and hamsters were isolated by a two-step collagenase
perfusion technique of Seglen (17) as modified by Williams (18). More
than 90% of the dissociated liver cells excluded trypan blue. The
dispersed liver cells that were used for transplantation into the anterior
chamber of the eye of rats and nude mice (19) were suspended in PBS3

containing penicillin (5 tig/ml) and streptomycin (50 ng/ml). For trans
plantation into the inguinal fat pads (20). the cell suspension in PBS
was diluted (1:1) with a neutralized isotonic collagen suspension (21).
Fischer 344 rats and nude mice were injected with liver cells (rat cells
into rats and hamsters and rat cells into nude mice) into the anterior
chamber of eye (0.2 x 10* cells in 20 ^1) and into both the inguinal fat
pads (0.5 x 10* in 100 n\). Six days after transplantation the recipients

were given a single s.c. injection of tannic acid dissolved in water
(gallotannic acid, reagent grade; J. T. Baker Chemical Company, Phil-
lipsburg, NJ) at a concentration of 700 mg/kg body weight. Both rats
and nude mice, in groups of two to three, were sacrificed at 4 and 6 h
after injection. Two rats and two nude mice with transplanted cells
served as controls.

Treatment of Hepatocytes in Vitro. Freshly dissociated rat hepato
cytes were suspended in Dulbecco's modified Eagle's medium supple

mented with 10% fetal bovine serum. The cells were seeded into
collagen-coated (21) P60 dishes (Falcon, Oxnard, CA) and incubated
at 37Â°Cin a humidified atmosphere of 5% CO2:95% O2. Four h after

plating, the culture medium in all dishes was replaced with a serum-
free RPMI 1640 medium supplemented with transferrin (10 Mg/ml),
insulin (0.6 ^g/ml), dexamethasone (0.4 jig/ml), ascorbic acid ( 17.6 jig/
ml), glucagon (10 nM), sodium pyruvate (0.4 ITIM),4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (20 mivi), and linoleic acid (7.1 mivi)
linked to 0.08% bovine serum albumin (22). After overnight culture (18
h), the medium was replaced with fresh serum-free RPMI 1640 medium

1The abbreviation used is: PBS. phosphate buffered saline.
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supplemented as above. Forty h after initial plating, the cells were
exposed to tannic acid in a fresh medium at a concentration of 125 or
250 /Â¿g/ml.After 2 h exposure, the medium was removed and the cells
were washed with PBS before processing for electron microscopy as
described below.

In addition, freshly dissociated rat hepatocytes were exposed to 250
^g/ml tannic acid for 2.5 h at 37Â°Cin a suspension culture with
Dulbecco's modified Eagle's Medium-10% fetal bovine serum (4 x IO6

cells/ml). After incubation, the cells were collected by centrifugation,
washed with PBS. and processed for electron microscopy.

Electron Microscopy. Segments of the anterior chamber of the eye
and inguinal fat pads bearing transplanted hepatocytes and portions of
homotopic liver from all the transplant recipients were fixed in 1%
OSO4in s-collidine buffer, pH 7.4 for 1 h. Hepatocyte cell suspensions
were pelleted and fixed in ITc OSO4 in Â¿-collidinebuffer, pH 7.4.
Primary cultures of liver cells were scraped with rubber policeman and
fixed as above. After thorough rinsing in buffer, tissues were dehydrated
and embedded in epon. Sections, l-^m thick, were stained with tolui-
dine blue and examined and photographed in a Zeiss ultraphot III
microscope. Thin sections were stained with uranyl acetate and lead
citrate and were examined in a JEOL JEM 100 CX II electron micro
scope at an acceleration voltage of 60 KV.

RESULTS

Transplanted Hepatocytes. Hepatocytes transplanted into the
anterior chamber of the eye of syngeneic or xenogeneic host
were arranged in groups or in trabecular form. No inflammatory
reaction was present at 6 days following transplantation. He
patocytes transplanted into the inguinal fat pads were also
arranged, mostly in sheets or islands, and were surrounded by
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Fig. I. Electron micrograph of a hepatocyte transplanted into the inguinal fat
pad of a syngeneic host. The nucleoli (Nu) of this control hepatocyte are composed
of granular and fibrillar components interwoven in an intricate lace-like configu
ration. P, peroxisome with urate oxidase core, x 8.000.
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Fig. 2. Tannic acid. 4 h (A) and 6 h (B). Rat hepatocytes transplanted s.c. into
a syngeneic host are arranged into a sheet-like fashion. The nucleoli (arrows) are
fairly homogeneous masses with one or more dark zones. This nucleolar alteration
was seen in all transplanted hepatocytes. but not in fibroblasts (/ i or macrophages
(M) seen adjacent to the hepatocytes. FC, fat cell. A. x 1.100: B. x 2.000.
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Fig. 3. Tannic acid, 4 h. The nucleoli of a rat hepatocyte transplanted into the anterior chamber of the eye of a syngeneic host show clustering of ribonucleoprotein
granules into dark zones (tl). These fannie acid-induced nucleolar changes are in contrast with the surrounding light zones (/) which are composed of dispersed fibrils
and granules. In addition, small densely packed clusters of granules (arrows) are seen in the nucleoplasm. In the cytoplasm dilated rough endoplasmi reticulum,
swollen mitochondria and aggregates of polyribosomes (arrows) are also seen, x 14,000.

fat cells. An occasional macrophage was seen at the periphery
of hepatocyte foci in the inguinal fat of rats, mostly as a reaction
to the nonviable hepatocytes. However, in an occasional nude
mouse with transplanted rat or hamster hepatocytes, moderate
mononuclear cell reaction was observed in the fat pads.

Liver cells transplanted into the anterior chamber of the eye
or inguinal fat pads of control rats and nude mice showed
normal nuclear and cytoplasmic features including the forma
tion of bile canaliculi between adjacent hepatocytes. The nu
cleus in these cells appeared spherical and contained one or
more prominent nucleoli (Fig. 1). Chromatin condensation at
the periphery of the nucleolus is generally present. The normal
nucleolus contains closely intertwined granular and fibrillar
components and associated chromatin. The granular compo
nent is moderately electron dense and is composed of aggregates
of ribonucleoprotein particles, 100-150A in diameter. In con
trast, the fibrillar component of the nucleolus, consisting of
70Ã‚ diameter fibrils, is less electron dense. These fibrils and
granules are closely associated and form an irregular branching
meshwork. The ultrastructural features of nucleoli of trans
planted hepatocytes are essentially identical to those of the
hepatocytes of the homotopic liver.

Following tannic acid injection, the alterations in the nucleo
lar morphology of rat hepatocytes transplanted into the eye or
s.c. fat of a rat were qualitatively similar to each other and to
those observed in the host liver (Figs. 2-4). Sections, 1-^m
thick, stained with toluidine blue, showed separation of nucleoli
into discrete dark and light areas (Fig. 2). In addition, multiple
smaller darker condensations were also noted in the nucleo
plasm. Nucleolar changes were not seen in any of the nonhe-
patic cells present in both the occular and inguinal fat pad
transplantation sites. At 4 and 6 h following tannic acid injec
tion, 100% of the transplanted rat hepatocyte nucleoli examined
ultrastructurally demonstrated the characteristic dark and light
areas (Figs. 3 and 4). The nucleoli appeared large and showed

loss of the normal skein pattern and obliteration of the intra-
nucleolar invaginations of nucleoplasm (Figs. 3 and 4). The
dark areas consisted of compact ribonucleoprotein granules.
These dark areas varied considerably in their diameter and were
usually surrounded by a light area consisting of dispersed fibrils
intermingled with granules. By 6 h the proportion of fibrils
within the light areas was markedly diminished (Fig. 4B).

Rat and hamster hepatocytes heterotransplanted into the
anterior chamber of eye or inguinal fat of an athymic nude
mouse also showed nucleolar changes following tannic acid
administration. The nucleolar changes in the rat hepatocytes
transplanted into the xenogeneic host are essentially similar to
those seen in rat hepatocytes transplanted into a syngeneic host.
Hamster hepatocytes transplanted into the nude mouse also
showed similar nucleolar changes (Fig. 5A). Multiple dark zones
were noted within the nucleolus. These dark areas are composed
of densely packed aggregates of ribonucleoprotein granules.
The surrounding light zones consisted predominantly of an
admixture of fibrils and granules. The hepatocytes of the host
liver (nude mouse liver) also showed similar nucleolar features
(Fig. SB}.

In rat hepatocytes transplanted into the syngeneic host,
tannic acid administration caused dilatation of rough endo-
plasmic reticulum, disaggregation of membrane-bound poly-
somes and mitochondria! swelling and dilatation (Figs. 3 and
4A). The mitochondria! changes were not very prominent in
the transplanted hamster hepatocytes.

In Vitro Effects of Tannic Acid. Rat hepatocytes in suspension
culture when exposed to tannic acid for 2.5 h, exhibited nucleo
lar changes (Fig. 6A). In most of the nucleoli there were one or
two large dark zones in a somewhat condensed nucleolus. In
contrast, hepatocytes maintained on collagen as primary cul
tures, when exposed to 125 or 250 /Â¿g/m'of tannic acid showed
larger nucleoli with multiple small dark areas dispersed in the
light areas (Fig. 65).
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Fig. 5. Tannic acid, 4 h. I, hamster hepatocytes transplanted s.c. into a nude

Fig. 4. Tannic acid, 6 h. Rat hepatocytes transplanted into the s.c. fat of a rat. mouse show separation of granular component of the nucleolus into dark (</)
The nucleolus shows the characteristic dark (d) areas of segregation (A). The areas which are surrounded by fibrils within the light areas (/). fi, liver from the
higher magnification (fi) of this nucleolus reveals that the light areas (/) are same nude mouse with transplanted hamster hepatocytes also displays similar
composed mostly of granules by this interval due to progressive depletion of nucleolar changes with characteristic dark (d) and light (/) areas. Note randomly
fibrillar component (M, swollen mitochondria, R, dilated rough endoplasmic dispersed clusters of electron-dense granules in the nucleoplasm (amiws). A, x
reticulum)./4, x 10,000; B, x 20,000. 8,000; B, x 8,000.
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Fig. 6. Rat hepatocytes incubated in vitro with tannic acid (250 <ig/ml) in
suspension culture (A) or as primary cultures on collagen in serum-free medium
(B) show separation of the nucleolar components into dark (d) and light (/) areas
A, x 18,000; B, x 10,000.

DISCUSSION

It is evident from this study that rat hepatocytes transplanted
into a syngeneic host and hepatocytes from rats and hamster
xenotransplanted into athymic nude mouse exhibit character
istic nucleolar alterations in response to the s.c.-administered
tannic acid. Tannic acid-induced nucleolar changes in hepato
cytes transplanted into the eye and into fat pads were very
similar to those observed in the homotopic livers of rats and
nude mice bearing these hepatocyte transplants. These obser
vations clearly indicate that the hepatocytes at these extrahe-
patic locations maintain the biological properties required for
exhibiting acute responses to the carcinogen reaching these
sites via the systemic circulation. Previously we have shown
that hepatocytes transplanted at an extrahepatic site (anterior
chamber of eye or fat pads), or hepatocytes induced within the
pancreas as a result of transdifferentiation, respond to peroxi-
some proliferators administered in the diet (19, 23-26). Thus
it appears that hepatocytes, irrespective of their location in the
body, retain cytological and functional control mechanisms and
respond to the effects of xenobiotics with complete fidelity as
do cells in the in situ liver.

Several chemicals (carcinogens, antibiotics, and antitumor
drugs) were shown to induce nucleolar alterations characterized
by rearrangement of granular and fibrillar fractions into distinct
zones designated as "nucleolar segregation" (27-33). Depend

ing on the degree of separation of granular and fibrillar portions
the nucleolar segregation was classified as "macrosegregation"
and "microsegregation" (34). The exact mechanism by which

these various chemicals induce nucleolar alteration is not clear
and it has been suggested that several factors such as covalent
and noncovalent binding to DNA with inhibition of rDNA
transcription, physical alteration, or decreased RNA and pro
tein synthesis may lead to nucleolar changes (27, 33, 35-38).
However nucleolar segregation was also described as a natural
process in liver cells of adult newts (39) and in cells infected
with infectious agents (40, 41).

RÃ¡celaet al. (12) showed that tannic acid, administered s.c.
in a large single dose to rats, induces nucleolar segregation in
the parenchyma! cells of liver. The dark zones within the
nucleolus, consisting of compact clusters of ribonucleoprotein
particles, are highly characteristic of tannic acid-induced
change. This pattern, seen also in transplanted hepatocytes and
homotopic liver cells of rats and nude mice in the present study,
differs from the nucleolar segregation induced by other hepa-
tocarcinogens (14, 15, 27), such as aflatoxin B, and 3-methyl-
dimethylaminoazobenzene only in the distribution of segre
gated granular dark zones. In tannic acid-induced changes the
granular zones are present in the interior of the nucleolus,
whereas with the other two compounds, they are located at the
periphery (14, 27-33). In tannic acid-induced nucleolar change,
the segregated dark areas represent exclusively the granular
ribonucleoprotein particles, while the fibrillar component
within the nucleolus appears almost imperceptible. Although
tannic acid inhibits protein and RNA synthesis (13, 15), it is
not known to bind to DNA or to exert a mutagenic effect.
Whether the tannic acid-induced nucleolar alterations are the
result of its ability to interact with and fix proteins, leading to
the formation of ribonucleoprotein tannic acid-heavy metal
complexes in the segregated areas of the nucleolus or caused by
physical interaction of the tannic acid with DNA leading to
contraction resulting in nucleolar changes remains to be estab
lished.

The hepatocyte transplantation system utilized in this study
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provides a potentially useful tool to evaluate the response of
hepatocytes, derived from different species, to acute and delayed
effects of xenobiotics. The xenotransplantation system ensures
an identical host environment; thus any differences in response
can be fully evaluated and attributed to species and strain-
related intrinsic factors. Another advantage of this xeno
transplantation system is that hepatocytes isolated from a small
piece of liver surgically removed from a variety of species
including primates and humans can be used rather than using
the whole animal for the evaluation of xenobiotic effects. Ham
ster and rat hepatocytes transplanted into nude mice displayed
the nucleolar changes characteristically induced by tannic acid.
Additional studies would be of interest to ascertain whether
transplanted hepatocytes from other species including humans
exhibit similar changes. In the present study, tannic acid was
administered s.c. Therefore, the transplanted hepatocytes are
exposed to the compound arriving via the systemic circulation.
Further studies are necessary to establish whether varying doses
of tannic acid administered by gavage or by i.p. injection would
lead to similar degree of alterations in the transplanted hepa
tocytes as well as those of the in situ liver. Tannic acid given
orally or i.p. has to first reach the liver; if it is extensively
metabolized, only a small amount of unaltered compound may
reach the hepatocytes at the transplantation site. This may lead
to qualitative and quantitative differences in the extent of
nucleolar changes. Similar studies with other hepatocarcino-
gens such as aflatoxin B,, and lasiocarpine, whose metabolism
is well documented, should provide valuable information about
the role of liver in first-pass inactivation of xenobiotics reaching
transplanted hepatocytes via portal circulation.

Finally, in the present study we have documented that rat
hepatocytes maintained either in suspension or in primary
monolayer culture under defined conditions also exhibit nucleo
lar changes after exposure to tannic acid. Cole et al. (16) have
shown that rat and human hepatocytes in primary culture
respond to the nucleolar segregating effect of aflatoxin BI,
whereas mouse hepatocytes were found to be resistant. Parallel
in vitro and in vivo studies using hepatocyte transplantation
procedure would provide valuable information about the bio
logical variation in response to xenobiotics.

ACKNOWLEDGMENTS

We wish to acknowledge K. Stenson for the secretarial assistance
provided for the preparation of this manuscript.

REFERENCES

1. Wells. D. B.. Humphrey. H. D.. and Coll. J. J. The relation of tannic acid to
the liver necrosis occurring in burns. N. Eng. J. Med.. 226: 629-636. 1942.

2. Cameron. G. R.. Milton. R. F., and Allen. J. W. Toxicity of tannic acid: an
experimental investigation. Lancet, 2: 179-186. 1943.

3. Handler. P., and Baker. R. D. The toxicity of orally administered tannie acid.
Science (Wash. DC). 99: 393-394. 1944.

4. Arhelger. R. B.. Broom. J. S.. and Boler, R. K. Ultrastructural hepatic
alterations following tannic acid administration to rabbits. Am. J. Pathol..
Â¥6:409-434. 1965.

5. Pryor, W. J., McDonald, W. J. F., and Seawright. A. A. Supplejack (ventilago
viminalis) feeding of sheep: nutritional and toxicological investigations.
Austr. Vet. J., 48: 339-345. 1972.

6. KorpÃ¡ssy.B.. and KovÃ¡cs.K. Experimental liver cirrhosis in rats produced
by prolonged subcutaneous administration of solutions of tannic acid. Br. J.
Exp. Pathol.. 30: 266-272. 1949.

7. KorpÃ¡ssy.B. The hepatocarcinogenicity of tannic acid. Cancer Res.. 19:501-
504, 1959.

8. Wogan. G. N. Biochemical responses to aflatoxins. Cancer Res.. 28: 2282-
2287. 1968.

9. Cook. J. W.. Duffy. E.. and Schoental. R. Primary liver tumors in rats
following feeding with alkaloids of senecio Jacoben. Br. J. Cancer, 4: 405-
410, 1950.

10. Svoboda. D. J.. and Reddy, J. K. Malignant tumors in rats given lasiocarpine.
Cancer Res.. 32: 908-912. 1972.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

77

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Rao. M. S., and Reddy. J. K. Development of malignant neoplasms in rats
fed lasiocarpine. Br. J. Cancer, 37: 289-293, 1978.
RÃ¡cela.A., Grady. H., and Svoboda. D. Ultrastructural nuclear changes due
to tannic acid. Cancer Res.. 27: 1658-1671, 1967.
Reddy. J. K., Chiga, M., Harris, C. C, and Svoboda. D. J. Polyribosome
disaggregation in rat liver following administration of tannic acid. Cancer
Res.. JO: 58-65. 1970.
Svoboda. D., RÃ¡cela, A., and Higginson. J. Variations in ultrastructural
nuclear changes in hepatocarcinogenesis. Biochem. Pharmacol., 16: 651-
657. 1967.
Reddy. J., and Svoboda. D. The relationship of nucleolar segregation to
ribonucleic acid synthesis following the administration of selected hepatocar-
cinogens. Lab. Invest., 19: 132-145. 1968.
Cole. K. E., Hsu, I. C.. and Trump. B. F. Comparative ultrastructural effects
of aflatoxin B, on mouse, rat and human hepatocytes in primary culture.
Cancer Res.. 46: 1290-1296. 1986.
Seglen, P. O. Preparation of isolated rat liver cells. In; D. M. Prescott (ed.).
Methods in Cell Biology, Vol. 13. pp. 29-83. New York: Academic Press,
Inc.. 1976.
Williams, G. M. Primary1 and long-term culture of adult rat liver epithelial
cells. In: D. M. Prescott (ed.). Methods in Cell Biology, Vol. 14, pp. 357-
364. New York: Academic Press, Inc.. 1976.
Rao, M. S.. Thorgeirsson. S.. Reddy, M. K., Lalwani. N. D., Evarts, R. E.,
Usman, M. I.. Singh. B.. and Reddy, J. K. Induction of peroxisome prolif
eration in hepatocytes transplanted into the anterior chamber of the eye. A
model system for the evaluation of xenobiotic-induced effects. Am. J. Pathol.,
124: 519-527. 1986.
Jirtle. R. L.. Biles. C.. and Michalopoulos, G. Morphologic and histochemical
analysis of hepatocytes transplanted into syngeneic hosts. Am. J. Pathol.,
101: 115-126. 1980.
Michalopoulos. G.. and Pilot. H. C. Primary culture of parenchyml liver
cells on collagen membranes. Exp. Cell Res.. 94: 70-78, 1975.
Isom. H. C.. Secott. T., Georgoff. !.. Woodworth. C., and Mummaw, J.
Maintenance of differentiated rat hepatocytes in primary culture. Proc. Nati.
Acad. Sci. USA. 82: 3252-3256, 1985.
Reddy. J. K., Jirtle. R. L.. Watanabe. T. K.. Reddy. M. K., Michalopoulos,
G.. and Qureshi. S. A. Response of hepatocytes transplanted into syngeneic
hosts and heterotransplanted into athymic nude mice to peroxisome prolif-
erators. Cancer Res.. 44: 2582-2589. 1984.
Rao, M. S.. Reddy, M. K.. Reddy, J. K.. and Scarpelli. D. G. Response of
chemically induced hepatocyte-like cells in hamster pancreas to methyl
clofenapate, a peroxisome proliferator. J. Cell Biol., 95: 50-56. 1982.
Reddy. J. K., Rao, M. S.. Qureshi, S. A., Reddy, M. K., Scarpelli, D. G., and
Lalwani. N. D. Induction and origin of hepatocytes in rat pancreas. J. Cell
Biol.. 98: 2082-2090. 1984.
Rao. M. S., Subbarao, V., and Reddy. J. K. Induction of hepatocytes in the
pancreas of copper-depleted rats following copper repletion. Cell Differ., 18:
109-117. 1986.
Hadjilov. A. A. Ribosome biogenesis in the life cycle of normal and cancer
cells. In: A. A. Hadjilov (ed.). The nucleolus and ribosome biogenesis, pp.
165-196. New York: Springer-Verlag, 1985.
Bernhard, W'., Frayssinet, C., LaFarge, C., and Le Breton. E. LÃ©sions

nuclÃ©olairesprÃ©cocesprovoquÃ©espar laflatoxine dans les cellules hÃ©patiques
du rat. C. R. Acad. Sci. Paris. 261: 1785-1789. 1965.
Svoboda, D. J.. and Reddy. J. K. Some effects of carcinogens on cell
organdÃes. In: Cancer, a comprehensive treatise. Vol. 1, pp. 411-449. New
York: Plenum Press, 1982.
Reynolds. R. C., Montgomery, P. O'B.. and Hughes, B. Nucleolar "caps"
produced by actinomycin D. Cancer Res., 24: 1269-1277, 1964.
Harris, C., Grady, H., and Svoboda, D. Segregation of the nucleolus produced
by anthramycin. Cancer Res., 28: 81-90, 1968.
Simard, R., and Bernhard, W. Le phÃ©nomÃ¨nede la sÃ©grÃ©gationnuclÃ©olaire:
spÃ©cificitÃ©d'action de certains antimÃ©tabolites.Int. J. Cancer, /: 463-479,

1966.
Goldblatt, P. J., Sullivan, R. J., and Farber. E. Induction of partial nucleolar
segregation in hepatic parenchyma! cells by actinomycin D following inhibi
tion of ribonucleic acid synthesis by ethionine. Lab. Invest., 20: 283-291,
1969.
Svoboda. D. J.. and Higginson. J. A comparison of ultrastructural changes
in rat liver due to chemical carcinogens. Cancer Res., 28: 1703-1733, 1968.
Recher. L.. Briggs. L. G.. and Parry, N. T. A rÃ©Ã©valuationof nuclear and
nucleolar changes induced in vitro by actinomycin D. Cancer Res., 31: 140-
151. 1971.
Harris, C.. Grady. H., and Svoboda, D. Alterations in pancreatic and hepatic
ultrastructure following acute cycloheximide intoxication. J. Ultrastruct.
Res.. 22:240-251, 1968.
Shinozuka. H.. Goldblatt. P. J., and Farber, E. The disorganization of hepatic
cell nucleoli induced by ethionine and its reversal by adenine. J. Cell Biol.,
56:313-328. 1968.
Unuma, T.. Morris, H., and Busch, H. Comparative studies of the nucleoli
of Morris hepatomas. embryonic liver and aflatoxin B,-treated liver of rats.
Cancer Res., 27: 2221-2233. 1967.
Reddy, J. K., and Svoboda. D. J. Natural segregation of nucleolar components
of liver cells in newts. J. Ultrastruct. Res., 38: 608-613, 1972.
JÃ©zÃ©quel,A. M., Shreeve, M. M.. and Steiner, J. W. Segregation of nucleolar
components in mycoplasma-infected cells. Lab. Invest., 16: 287-304, 1967.
Sirtori. C.. and Bosisio-Bestetti, M. Nucleolar changes in KB tumor cells
infected with herpes simplex virus. Cancer Res., 27: 367-376. 1967.

1662

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2430220/cr0470061657.pdf by guest on 19 M

ay 2023




